The E protein family of transcriptional regulators mediate lymphocyte differentiation by binding to DNA at E-box sites, controlling the expression of genes essential to lineage commitment, targeting antigen-receptor gene rearrangement and enforcing key developmental checkpoints 1,2 . In mammals, E proteins include E12 and E47 (E2A; splice variants encoded by Tcf3, called 'Tcfe2a' here), HEB and E2-2, which in lymphocytes typically bind as homo-or heterodimers to consensus E-box sequences. The Id proteins are highly related but lack a DNA-binding domain and thus function to inhibit E protein activity when they are incorporated into E-Id heterodimers. E2A, HEB and E2-2 have all been linked to the regulation of thymocyte development. However, E2-2 functions mainly in the specification of precursors to the plasmacytoid dendritic cell lineage 3 . The combined activity of both E2A and HEB promote T cell antigen receptor (TCR) rearrangements and control the developmental progression, survival and proliferation of developing T cells, accounting for the majority of E protein function in the thymus 2 . E2A (E47) supports the expression of molecules involved in pre-TCR-and Notch-mediated signaling at the earliest stages of thymocyte development 4 and directly regulates rearrangements of the gene encoding TCRβ (Tcrb) 5 . Furthermore, E2A is needed to restrain CD4 − CD8 − double-negative (DN) cells from proliferating or progressing to the double-positive (DP) stage until productive Tcrb rearrangement occurs 1, 6 . Similarly, E proteins enforce the checkpoint for Tcra rearrangements, and the absence of the expression of both E2A and HEB by DP thymocytes results in the generation of CD8 single-positive (SP) T cells lacking rearranged TCRα chains and thus TCR expression 7 . In contrast to E2A deficiency, loss of HEB results in fewer thymocytes owing to a role for HEB in the transition from the DN stage to the DP stage 8 , but this defect is partially overcome by the compensatory activity of E2A 8, 9 .
The E protein family of transcriptional regulators mediate lymphocyte differentiation by binding to DNA at E-box sites, controlling the expression of genes essential to lineage commitment, targeting antigen-receptor gene rearrangement and enforcing key developmental checkpoints 1, 2 . In mammals, E proteins include E12 and E47 (E2A; splice variants encoded by Tcf3, called 'Tcfe2a' here), HEB and E2-2, which in lymphocytes typically bind as homo-or heterodimers to consensus E-box sequences. The Id proteins are highly related but lack a DNA-binding domain and thus function to inhibit E protein activity when they are incorporated into E-Id heterodimers. E2A, HEB and E2-2 have all been linked to the regulation of thymocyte development. However, E2-2 functions mainly in the specification of precursors to the plasmacytoid dendritic cell lineage 3 . The combined activity of both E2A and HEB promote T cell antigen receptor (TCR) rearrangements and control the developmental progression, survival and proliferation of developing T cells, accounting for the majority of E protein function in the thymus 2 . E2A (E47) supports the expression of molecules involved in pre-TCR-and Notch-mediated signaling at the earliest stages of thymocyte development 4 and directly regulates rearrangements of the gene encoding TCRβ (Tcrb) 5 . Furthermore, E2A is needed to restrain CD4 − CD8 − double-negative (DN) cells from proliferating or progressing to the double-positive (DP) stage until productive Tcrb rearrangement occurs 1, 6 . Similarly, E proteins enforce the checkpoint for Tcra rearrangements, and the absence of the expression of both E2A and HEB by DP thymocytes results in the generation of CD8 single-positive (SP) T cells lacking rearranged TCRα chains and thus TCR expression 7 . In contrast to E2A deficiency, loss of HEB results in fewer thymocytes owing to a role for HEB in the transition from the DN stage to the DP stage 8 , but this defect is partially overcome by the compensatory activity of E2A 8, 9 .
Although thymocytes lacking either E2A or HEB demonstrate notable perturbations in development, substantial numbers of T cells are nonetheless generated 8, 10 . However, a block in thymocyte development is observed at the DN stage when a dominant negative mutation of HEB is introduced 9 or both E2A and HEB are deleted at the DN stage 11 , which demonstrates that a minimum of E protein activity is necessary for T cell development. In the context of other lineages that require E proteins for specification, the effective replacement of Tcfe2a, which encodes E2A, with Tcf12, which encodes HEB, suggests that the E proteins encoded by these genes function interchangeably in 'rescuing' B cell development and embryonic lethality 12 . Similarly, in neurogenesis, for which E proteins are also necessary, all of the E proteins are equally effective partners for neurogenic differentiation factor 2, which suggests similar activity among the family members 13 . Thus, E2A and HEB have been thought to compensate for each other during lymphocyte development.
Natural killer T (NKT) cells rapidly produce many cytokines after activation, which affects the recruitment and function of cells that participate in subsequent innate and adaptive immune responses [14] [15] [16] . The majority of NKT cells express an invariant TCRα chain that mediates the recognition of glycolipid antigens presented by the major histocompatibility complex class I-like molecule CD1d (invariant NKT (iNKT) cells) [14] [15] [16] . Such glycolipids can be derived from microorganisms and mediate activation of iNKT cells during infection, and the absence of iNKT cells exacerbates pathology 17 . The iNKT cells mature in the thymus, differentiating from DP thymocytes and proceeding through defined developmental stages at which their maturation is influenced by many signaling molecules, transcription factors and cytokines that are not essential for conventional T cells 14 . In mice, iNKT cells can first be detected in the thymus as CD24 + CD69 + cells bearing the canonical variable α-segment 14-to-joining α-segment 18 (V α 14-J α 18) Tcra rearrangement after their positive selection mediated by interactions with signaling lymphocytic-activation molecule receptors and CD1d molecules expressed by other DP thymocytes. Thus, mutations that affect either signaling through these receptors or CD1d-mediated antigen presentation result in the absence of iNKT cells at this early stage in development. As CD24 is downregulated, the cells proliferate and progress through three more developmental stages identified by the upregulation of CD44 and then NK1. 1 (refs. 14,18,19) . Progression through the early expansion phase is dependent on the transcription factor c-Myc 20, 21 . During this maturation process, iNKT cells acquire the expression of molecules associated with T cell activation, NK cell receptors and the ability to produce cytokines and lyse target cells.
Many transcription factors have been linked to iNKT maturation. The earliest stage of iNKT cell development absolutely requires the transcription factor RORγt to induce upregulation of the antiapoptotic molecule Bcl-x L , which supports the survival of DP thymocytes 22, 23 . The prolonged survival of DP thymocytes allows distal Tcra V-to-J rearrangements, to produce the canonical iNKT TCRα chain [22] [23] [24] . Thus, iNKT cell development is restored in RORγt-deficient thymocytes by transgenic expression of Bcl-x L or a rearranged V α 14-J α 18 TCR 22, 23 . DP thymocytes deficient for the transcription factor Runx1 also fail to give rise to iNKT cells; however, in this case the canonical rearrangements are detected, which suggests a requirement for differentiation or expansion 23 . The T-box transcription factor T-bet also affects iNKT cell development, although at a later stage of thymic development 25, 26 , probably by regulating interleukin 15 responsiveness 27 . The transcription factor Egr2 has also been found to be necessary for the generation of a normal iNKT cell compartment, and Egr2 deficiency alters both proliferation and survival 28 . Notably, the promyelocytic leukemia zinc-finger transcription factor PLZF has been shown to regulate the acquisition of the characteristic activated phenotype and effector functions of iNKT cells 29, 30 . How these many transcription factors are coordinated to promote commitment to the iNKT lineage and subsequent maturation is not well defined.
Although the role of E proteins in conventional T cell development has been studied extensively, how these important transcriptional regulators affect the development of iNKT cells has not been investigated. Here we studied the development of iNKT cells from DP thymocytes lacking HEB and/or E2A and made the unexpected finding that HEB 'instructs' a unique gene-expression program and regulates both survival and Tcra rearrangements in a manner distinct from E2A. Our results identify HEB as an essential regulator of thymocyte development and highlight previously unknown distinctions in the functions of E protein family members.
REsulTs

E proteins are expressed during iNKT cell development
Although it is well established that E proteins are expressed by thymocytes and are necessary for the development of conventional αβ T cells 2 , it was unknown whether they are expressed by or function in thymocytes that commit to the iNKT cell lineage. We initially examined whether E protein transcripts were expressed during iNKT cell development. Many strategies have been used to characterize the developmental progression of iNKT cells 2, 5 ; for convenience, we used the following criteria to stage these subsets using α-galactosylceramide-loaded CD1d tetramers (CD1d-tet) to identify cells bearing the canonical V α 14-J α 18 TCR rearrangement: CD1d-tet + CD24 + (stage 0), CD1d-tet + CD24 lo CD44 lo NK1.1 − (stage 1), CD1d-tet + CD24 lo CD44 hi NK1.1 − (stage 2) and CD1d-tet + CD24 lo CD44 hi NK1.1 + (stage 3). We sorted each subset of iNKT cells from wild-type thymocytes and compared their expression of E2A and HEB mRNA. Notably, both E2A and HEB transcripts were most highly expressed at stage 0 and were abruptly downregulated by stage 1 (Fig. 1a) . HEB showed the most dynamic mRNA changes, with low expression at stage 1 and a progressive increase in expression during stages 2 and 3 (Fig. 1a) , whereas E2A mRNA abundance remained low. Of note, E2-2 was expressed at stage 0; however, further analysis showed that E2-2 deficiency had no effect on iNKT cell development (data not shown). These data demonstrated regulation of E-protein mRNA during development of iNKT cells and suggested they could potentially affect the earliest commitment to the iNKT cell lineage (stage 0).
HEB is essential for iNKT cell development
We next investigated the role of E proteins in iNKT cell development in mouse models of T lineage-specific deletion of Tcfe2a and/or Tcf12 in DP thymocytes. We crossed mice with loxP-flanked alleles of these genes (Tcfe2a f/f or Tcf12 f/f ) with a mouse line transgenic for expression of Cre recombinase driven by the promoter of the mouse gene encoding CD4 (Cd4-Cre + ) 7, 11, 31, 32 to delete these genes specifically in DP thymocytes and thus subsequently maturing T cells. We generated the following mouse lines: Tcfe2a f/f Cd4-Cre + (E2A-T cell knockout (E2A-TKO)), Tcf12 f/f Cd4-Cre + (HEB-T cell knockout (HEB-TKO)) and Tcfe2a f/f Tcf12 f/f Cd4-Cre + (E2A-and HEB-T cell knockout (E2A-HEB-TKO)). Initially, we examined by flow cytometry conventional αβ T cell development in these lines with conditional gene deletion (Fig. 1b) . Total thymocyte numbers and subset composition, determined by surface expression of CD4 and CD8, were similar in wild-type, E2A-TKO and HEB-TKO mice, whereas thymocyte development in E2A-HEB-TKO mice was considerably perturbed, with a higher frequency of the CD8 SP subset, as reported before 7 (Fig. 1b) . The number of thymocytes in additional developmental stages was unchanged in E2A-TKO and HEB-TKO mice relative to that in wild-type mice but was altered in E2A-HEB-TKO mice (Supplementary Fig. 1 ). Thus, we observed no gross alterations in total cell number or thymic subsets due to single deficiency in E2A or HEB occurring at the DP stage, which indicated that each of these E proteins can compensate for the loss of the other at this stage.
We evaluated the iNKT cell populations in thymus, liver and spleen identified by staining for CD1d-tet and TCRβ (Fig. 1c) . Loss of E2A alone did not affect the iNKT cell compartment at any stage (Fig. 1) . In contrast, we found that a much lower frequency of iNKT cells resulted from HEB ablation (Fig. 1) . Furthermore, analysis of iNKT cell numbers showed a similar paucity of iNKT cells in both HEB-TKO and E2A-HEB-TKO mice (Fig. 1d) . Closer analysis of mice with heterozygous deficiency in E protein suggested that loss of E2A may have affected frequency of iNKT cells slightly, but this did not result in loss of overall iNKT cell numbers (Supplementary Fig. 2a,b) . To rule out the possibility that the unchanged iNKT cell compartment observed in E2A-TKO mice was due to incomplete deletion of the loxP-flanked Tcfe2a allele, we reconstituted wild-type mice with fetal liver cells from E2A-deficient or HEB-deficient embryos (germline deletion) and analyzed the iNKT cell compartment. We observed normal frequencies of iNKT cells in mice reconstituted with E2A-deficient cells, but a complete loss of iNKT cells resulted in mice reconstituted with HEB-deficient cells (Supplementary Fig. 3) .
A r t i c l e s
To more accurately pinpoint the stage at which HEB was required during iNKT cell maturation, we analyzed the developmental subsets on the basis of expression of CD24, CD44 and NK1.1 in the presence or absence of HEB or E2A or both, before and after enrichment for CD1d-tet + cells (Fig. 1e,f) . This analysis showed a nearly complete loss of iNKT cells in the absence of HEB at the earliest stage of development (stage 0), as well as in subsequent developmental stages (Fig. 1e,f) , suggesting a block in development before stage 0 and the expansion phase. These data define a unique and essential role for HEB during iNKT cell development, for which E2A is unable to compensate.
The HEB-TKO iNKT cell defect is cell intrinsic As iNKT cells are positively selected by CD1d molecules expressed by cortical thymocytes 14, 18, 19 and the Cd4-Cre transgene induces deletion of the loxP-flanked Tcfe2a and Tcf12 alleles in DP thymocytes, we wanted to address whether the phenotype observed for HEB-TKO cells was cell intrinsic or was due to a defect in the ability of the cortical thymocytes to select developing iNKT cells. We generated mixed-bone marrow chimeras in which irradiated recipients were reconstituted with a 1:1 mixture of wild-type and HEB-TKO donor bone marrow, each distinguishable by their congenic expression of CD45 alleles. After reconstitution, we enriched for CD1d-tet + thymocytes and determined the percentage of iNKT cells in both the wild-type and HEB-TKO fractions (Fig. 2a) . We observed that HEB-TKO donor cells were unable to generate CD1d-tet + iNKT cells (even in the presence of wild-type cells) and that this defect was at the earliest stage of iNKT cell development (as noted in HEB-TKO mice; Fig. 2a) . Furthermore, HEB deficiency led to a loss of iNKT cells at all other stages of development (stages 1, 2 and 3) in the thymus and periphery even in the presence of wild-type thymocytes (Fig. 2b) .
Comparison of absolute numbers of iNKT cells from these mixed chimeras confirmed that HEB deficiency did not solely affect frequency, as we observed extremely small numbers of iNKT cells in the thymus, spleen and liver of HEB-TKO mice relative to the numbers in their wild-type counterparts (Fig. 2c) . Mixed-bone marrow chimeras generated with wild-type and E2A-TKO, HEB-TKO donor cells showed similar results ( Supplementary Fig. 4 ). We also examined expression of CD1d by wild-type and E protein-deficient lymphocytes and found no differences (Fig. 2d) . Thus, we conclude that there is no evidence of a processing or presentation defect by cortical thymocytes, as wild-type cells were unable to 'rescue' the HEB-TKO iNKT cell developmental defect.
HEB regulates the survival and proliferation of DP thymocytes
To address how HEB affects iNKT cell selection from the DP population, we examined the survival and proliferation of thymocytes. Notably, we found that HEB deficiency at the DP stage accelerated cell death in vitro (Fig. 3a) , which suggested a defect in survival. After 30 h in culture, <30% of the HEB-TKO cells were negative for annexin V, compared with ~50% of the wild-type and E2A-TKO cells, and by 50 h only ~5% of the HEB-TKO cells were still alive, compared with ~35% of the wild-type and E2A-TKO cells (Fig. 3a) .
Similarly, E2A-deficient thymocytes (germline deletion) survived in vitro as well as wild-type and E2A-TKO cells did ( Supplementary  Fig. 5 ). Notably, we also found that HEB-TKO DP thymocytes showed greater proliferation and DNA content than did their wildtype counterparts (Fig. 3b) . Approximately twice as many HEB-TKO thymocytes as wild-type thymocytes incorporated 5-bromodeoxyuridine (BrdU) after a 12-hour pulse, and significantly more had >2N DNA content (P = 0.04), which indicated that they were in S-G2 phases of the cell cycle. Consistent with the results obtained with the DP population, the very few HEB-TKO CD1d-tet + cells incorporated more BrdU (Fig. 3c) , which indicated that the failure to accumulate HEB-TKO iNKT cells was not due to a defect in the proliferative burst after their positive selection. Thus, HEB deficiency affects both the survival and proliferation of developing thymocytes.
HEB controls a unique gene-expression profile in thymocytes
We next addressed whether HEB controlled a larger subset of genes distinct from the related E protein and frequent binding partner E2A.
We compared the transcript profiles of wild-type, E2A-TKO, HEB-TKO and E2A-HEB-TKO DP thymocytes by microarray analysis. Loss of HEB at the DP stage affected the expression of many genes, with 215 genes upregulated more than 1.7-fold and 315 genes downregulated relative to their wild-type counterparts (Fig. 4a) . In contrast, when we compared E2A-TKO and wild-type DP thymocytes, we found that a similar number of genes were upregulated by the E2A-TKO thymocytes (310 genes) but fewer were downregulated (31 genes; A r t i c l e s targets positively regulated by E2A when deletion occurred at the DP stage. Not unexpectedly, loss of both E2A and HEB resulted in more extensive changes in gene expression, with 541 genes upregulated and 407 genes downregulated compared with expression in their wild-type counterparts (Fig. 4a) , which indicated that these two E proteins do act together in regulating many targets and that loss of both is not compensated for by the activity of other E proteins. Studies focusing on the HEB-regulated genes showed that E2A-HEB-TKO DP cells had a high correlation: 89% of the genes upregulated by HEB-TKO cells also descended to the left on a P value-versus-fold change 'volcano' plot, and 85% of the genes downregulated by HEB-TKO cells also descended to the right (Fig. 4b) . Furthermore, those genes that were positively regulated by HEB did not show a similar pattern of expression in E2A-TKO cells, with only 52% also downregulated (Fig. 4b) , which indicated no correlation and supported the observation of a unique profile of genes regulated specifically by HEB. Notably, those genes upregulated because of HEB deficiency were similarly upregulated (84%) by the E2A-TKO thymocytes (Fig. 4b) .
In an additional analysis, we visualized the mean expression of a group of annotated genes whose transcripts were regulated differently by both HEB-TKO and E2A-HEB-TKO DP cells relative to wild-type DP cells (Fig. 4c) and defined clusters of genes that were regulated together after loss of HEB but not after loss of E2A. Notably, many molecules encoded by the genes upregulated after HEB deletion were involved in metabolic processes, including eleven ribosomal proteins and five that function in oxidative phosphorylation. We summarized changes in gene expression in HEB-TKO and E2A-HEB-TKO cells relative to the expression in wild-type DP cells and highlighted genes up-or downregulated in both (Fig. 4d) . Many genes encoding cytokines and chemokines (and their receptors), such as Il17rb, Il12rb, Il22, Ccr4 and Ccl19, as well as genes encoding molecules that influence survival and cell death, such as Rorc, Bcl2l1, Cox7b, Cox7c and Bmf, showed similar trends. Thus, HEB specifically regulates a discrete subset of genes during thymocyte development, potentially affecting many biological pathways.
Using quantitative PCR, we confirmed some of the targets identified and also asked specifically whether HEB was required to support the expression of molecules known to be necessary for the development of iNKT cells from DP cells. Transcripts of many genes encoding molecules known to regulate iNKT cell development, including Sh2d1a, Tox, Gata3, Runx1, Zbtb16, Myc and Slamf6, were not altered considerably in the absence of E2A or HEB or of both E2A and HEB (Supplementary Fig. 6 ). However, consistent with the microarray results, mRNA for RORγt and Bcl-x L was less abundant in HEB-TKO DP cells than in wild-type DP cells (Fig. 4e) . As RORγt is known to promote Bcl-x L expression, and thus thymocyte survival, this finding provided a possible mechanism for the enhanced death of the HEB-TKO thymocytes. To determine whether HEB was potentially regulating RORγt directly, we did chromatin immunoprecipitation of wild-type thymocytes with an HEB-specific antibody and found that HEB was indeed bound to two E-box sites 33 in the promoter of the gene encoding RORγt (Fig. 4f) . This binding was lower in HEB-TKO cells (Supplementary Fig. 7 ) and was more prominent than E2A binding (Supplementary Fig. 7) . 
A r t i c l e s
Thus, we concluded that HEB regulates a unique gene-expression profile distinct from that of its sister protein E2A.
Impairment of distal J a rearrangements in the absence of HEB
During rearrangement of the Tcra locus, the first rearrangements tend to use proximal J α genes, whereas distal J α gene segments are included during secondary rearrarangements 34 . The canonical iNKT TCR rearrangement joins V α 14 to the distal J α 18 region and thus requires such secondary rearrangements and extended survival, which provides time for this to occur. We wanted to ascertain if the impaired survival of HEB-TKO thymocytes, mediated by lower expression of RORγt and Bcl-x L , resulted in fewer distal rearrangements by DP cells, which would in turn lead to fewer iNKT cells and skewing of the TCR repertoire. First, using quantitative PCR to detect V α 14 or V α 3 rearrangements to specific J segments, we found that HEB-TKO thymocytes A r t i c l e s and CD4 + and CD8 + splenic T cells showed a profound lack of rearrangements using distal J segments (Fig. 5a,b) . This result was in contrast to results obtained with E2A-TKO cells, in which there was no difference in rearrangements compared with those of wild-type cells. Next we extracted genomic DNA from sorted wild-type or HEB-TKO DP thymocytes and CD4 + splenocytes and analyzed V α 14 rearrangements with proximal J α 56 and J α 48 and distal J α 16 and J α 9 rearrangements (Fig. 5a) . We analyzed V α 14-to-J α (x) rearrangements (where '(x)' is region 56, 48, 16 or 9) by multiplex PCR and Southern blot analysis with a V α 14-specific probe. We observed that V α 14-J α 18 rearrangements were largely absent (Fig. 5c) , and if this rearrangement was detected in HEB-TKO DP samples, the efficiency was low (data not shown), in agreement with the quantitative PCR analysis. Notably, even more distal rearrangements, such as those to J α 16 and J α 9, were completely absent in HEB-TKO thymocytes and peripheral T cells (Fig. 5c) . In contrast, when we examined V α 14-to-J α (x) gene rearrangements in the absence of E2A, we observed no differences in distal J α gene rearrangements. Finally, we also examined this issue by analyzing products of PCR-amplified V α 3-to-C α (constant α-segment) cDNA with probes specific for proximal and distal J segments 34 and found loss of distal J segment use only among the HEB-TKO populations (Fig. 5d) . Although greater proliferation of DP cells (Fig. 3) can result in degradation of the RAG-2 recombinase protein 35, 36 , which could in turn impair rearrangements 37 , we found that wild-type and HEB-TKO thymocytes expressed similar amounts of RAG-2 protein (Supplementary Fig. 8 ). Thus, HEB-TKO DP thymocytes and mature T cells show substantially impaired use of distal J α segments during rearrangement, consistent with their impaired survival and failure to generate iNKT cells.
'Rescue' of HEB deficiency by expression of TCR or Bcl-x l
If the main role of HEB in iNKT cell development is to promote distal Tcra rearrangements, we reasoned that provision of a rearranged iNKT TCR V α 14-J α 18 transgene (V α 14Tg) would 'rescue' the iNKT cell phenotype observed in the absence of HEB. Thus, we crossed Tcf12 f/f Cd4-Cre + mice with the V α 14Tg line and found that expression of the transgene supported significant iNKT cell development, even in the absence of HEB (Fig. 6) . The frequency and cell number of iNKT cells in V α 14Tg + HEB-TKO mice was largely restored in the thymus, liver and spleen compared with that of HEB-TKO mice (Fig. 6a,b) , which suggested that HEB-mediated regulation of DP cell survival and Tcra rearrangements govern iNKT cell maturation. We did observe a slight accumulation of cells at stage 1 (Fig. 6c) . Notably, we found that HEB transcripts were re-expressed as iNKT cells progressed to stages 2 and 3 ( Fig. 1) , which suggested that HEB may influence these later stages of maturation as well. However, the rescued iNKT cells that developed in the absence of HEB were both phenotypically and functionally mature in terms of downregulation of CD24, proliferation, expression of activation markers and ability to produce interferon-γ after stimulation compared with wild-type cells (Supplementary Fig. 9 ). Similarly, we evaluated expression of the panel of iNKT cell-specific genes and found that the V α 14Tg + HEB-TKO iNKT cells did not show altered abundance of any of the transcripts compared with that of their wild-type counterparts (data not shown). Thus, the rescue of iNKT cells in the absence of HEB by expression of the canonical TCRα provides evidence that the defect originated from the failure of HEB-TKO thymocytes to survive and undergo successful distal rearrangements. We reasoned that if HEB regulates RORγt expression, then introduction of Bcl-x L , reported to be regulated by RORγt and to be essential for thymocyte survival, would restore iNKT cell development even in the absence of HEB. Using a retroviral vector expressing Bcl-x L , we infected HEB-TKO bone marrow stem cells and used these cells to reconstitute sublethally irradiated hosts. After reconstitution, we observed that the provision of Bcl-x L restored the development of iNKT cells from HEB-TKO bone marrow, whereas empty vector did not (Fig. 6d) . Furthermore, expression of Bcl-x L restored the survival and distal J α Tcra gene rearrangements of HEB-TKO thymocytes (Fig. 6d) . These data provide support for the idea that HEB regulates thymocyte survival, Tcra rearrangements and iNKT cell development through its control of the expression of RORγt and Bcl-x L .
DIsCussION
Although E proteins are broadly recognized as important regulators of the development of conventional αβ T cells, our study has highlighted the unexpected and specific roles of HEB at the DP thymocyte stage in the control of a unique gene-expression program, survival, Tcra rearrangement and the development of iNKT-lineage cells. Notably, we found that HEB regulated the expression of a cohort of genes by DP cells independently of the related E protein E2A. HEB deficiency led to lower expression of RORγt and Bcl-x L , diminished survival and greater proliferation of DP thymocytes and specifically affected distal J α gene rearrangements of the Tcra locus, altering the entire TCR repertoire. Additionally, HEB was expressed early in iNKT commitment and HEB deficiency abolished iNKT cell development. Thus, our data define previously unappreciated roles for HEB during T cell development.
Published studies have shown that HEB acts as a heterodimer with E2A, influencing T cell development at both the DN and DP stages 7, 9, 11 . However, these blocks are incomplete, and substantial αβ T cell development does occur in the absence of HEB, which supports the idea of compensatory roles for E2A and HEB. Furthermore, conditional deletion of both E2A and HEB in DP thymocytes leads to a failure of the DP-to-SP checkpoint for TCR expression, but normal T cell development was thought to proceed when only one E protein is deleted at this stage, which indicates that HEB and E2A also act together to control the DP-to-SP transition 7 . Here we found that conditional deletion of HEB in DP thymocytes resulted in a nearly complete loss of differentiation of thymocytes to the iNKT lineage but conditional deletion of E2A did not. This block was cell intrinsic and was not 'rescued' by wild-type thymocytes, which precludes the idea of a role for HEB in regulating proper processing and presentation of the CD1d-mediated positive selection. HEB-TKO thymocytes showed a block at the earliest detectable stage of iNKT commitment, similar to RORγt-, Bcl-x L -and Runx1-deficient mice and apparently before Sap-, c-Myc-, PLZF-and Egr2-dependent iNKT development [20] [21] [22] [23] 28, 29, 38, 39 . The extreme paucity of cells at stage 0 and the greater proliferation of HEB-TKO DP cells and stage-0 cells challenge the idea of an expansion defect, which occurs during the later transitions from stage 0 through stage 2 (refs. 20,38) .
The survival of HEB-TKO thymocytes was substantially impaired in vitro. Consistent with their impaired survival, HEB-TKO DP thymocytes had lower expression of RORγt and its target Bcl-x L and demonstrated greater proliferation, as do RORγt-deficient thymocytes 40 . Notably, HEB directly binds E-box sites in the promoter regions of the gene encoding RORγt, which suggests direct regulation of RORγt 33 . RORγt, through its regulation of Bcl-x L , is known to support prolonged survival and thus distal Tcra rearrangements 33, 34, 41 . The development of iNKT cells is thought to be specifically impaired due to mutations that affect thymocyte survival, as the canonical Tcra rearrangement uses the J α 18 segment, which is quite distal from the V α gene segments and thus requires secondary rearrangements found only in cells that can survive long enough for this to occur. Consistent with that idea, HEB-TKO DP thymocytes demonstrated a profound defect in rearrangements using the J α segments most distal to the V segments regardless of whether these J α segments combined with V α 14 or with V α 3 gene segments. The failure to generate distal rearrangements also affected conventional CD4 + and CD8 + T cell populations, further emphasizing the role of HEB in influencing TCR repertoire. Notably, the expression of a rearranged iNKT TCR transgene, which bypasses the need for prolonged survival at the DP stage for secondary rearrangements, resulted in considerable restoration of iNKT cell development by HEB-TKO thymocytes. We found that the V α 14Tg + HEB-TKO iNKT cells reached percentages and numbers near those of their V α 14Tg + wild-type control cells and were phenotypically and functionally mature. Likewise, the development, survival and distal Tcra rearrangements of HEB-TKO iNKT cells were restored by Bcl-x L expression, which provides further support for the idea that HEB-RORγt-Bcl-x L controls T cell development.
Our microarray gene-expression profiling studies showed that HEB uniquely controls expression of a substantial subset of genes at the DP stage. Among these targets are those encoding many cytokines, cytokine receptors, signaling molecules and regulators of metabolism and cell survival. Notably, loss of HEB did not alter transcript abundance in DP cells for many molecules that are key during iNKT cell development, including PLZF, c-Myc, Sap, Tox and Runx1. However, the DP defect resulting from HEB deficiency probably precedes the requirement for those molecules. We did observe moderately lower expression of Fyn and Slamf1 mRNA by HEB-TKO DP thymocytes, which indicates that signaling maybe affected. However, even complete loss of either Fyn or SlamF1 did not generate a block in iNKT cell development as substantial as we observed after HEB deletion. Thus, our global gene-expression analysis of DP thymocytes has identified a subset of targets specifically regulated by HEB at this stage of development that are involved in a range of functions, which supports the idea of a unique role for HEB in T cell development. We have shown here that one specific role of HEB is to support thymocyte survival, allowing sustained Tcra rearrangements, affecting the total TCR repertoire and controlling iNKT cell development. These observations fit into a broader view of E-protein function, whereby this family of transcription factors, which are expressed throughout hematopoiesis, is able to regulate specific aspects of lineage commitment, such as E2-2 in the development of plasmacytoid dendritic cells 3 , E2A in B cell commitment 2 and now HEB in thymocyte survival and iNKT cell development.
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